tensified use of the agricultural sector's land, water. and labor resources.
After 1984, however, grain production began to stagnate. The growth rates of grain production and yields fell to 1.8% and 1.6%, respectively. Curiously, this slowdown in the growth of production and yields occurred at a time when expansion of chemical inputs, irrigated area, and high-yielding rice, wheat, and maize varieties was occurring. Could it be that the high growth in the earlier years was in part due to the mining of the rural sector's natural resource base? Can the slowdown in growth rates be explained by increased environmental stress? Land and water resources in China have been subject to serious stress (World Bank). The accumulation of these pressures may be partially responsible for the recent slowdown of grain yields. Policy makers-even those primarily concerned with boosting production, income, and the level of food security-are interested in the impact of environmental factors. since there is a point at which production and yields may respond more to the relief of environmental stress than to additional factor intensification.
The purpose of this study is to explore the causes of yield trends in the late reform period. In addition to environmental factors, there may be other factors adding to this deceleration in yields. Some researchers associated the recent slowdown with problems in implementing the household production responsibility (HRS) sys-tern (Wen) . Land tenure insecuntles are believed to have caused farmers to reduce their investment in agriculture, causing grain yields to fall. Others blame the decline on the fall of the price of grain relative to other products (Sicular) . It is possible that all or some of these factors contributed to the trends of the late 1980s and early 1990s; if environmental stress has adversely affected productivity, then it is one factor that policy makers should take into account in evaluating yield targets.
In this paper we focus on the relationship between grain yields and environmental factors in China's rural sector in the 1970s and 1980s. We first review the changing contours of grain yields during the People's Republic period. Patterns in the major production-related inputs, technologies, and environmental factors which may affect agricultural productivity are then examined. This is followed by empirical results for a grain yield function, estimated using a unique set of time-series, cross-section provincial data covering twenty-three provinces over a sixteen-year period, which includes four indicators of environmental stress. Finally, a decomposition analysis is conducted to determine the relative contribution of produet(ve Inputs and environmental variables to yield growth.
Grain Production Trends
Grain production can be divided into five time periods, as shown in table 1. In the first period, 1952-57, grain production increased at an annual rate of 4.0%. The area sown to grain increased at an annual growth rate of 1.7%, contributing to 43% of total production growth in the period. Increases in grain area were due to both the expansion of cultivated land to grain and increases in the multiple cropping index (MCl), a measure of the land-use intensity. The growth in grain yields was moderate (2.3%), accounting for 57% of total production growth. The high growth rate of grain production was part of China's recovery from a long period of war in the 1930s and 1940s.
This progress was halted between 1957 and 1964. The establishment of the people's commune as the basic unit of production (which included more than 1,000 families in a typical collectivized farming unit) and the Great Leap Forward policies in 1958 placed most of the agricultural decisions in the hands of upper-level government officials. The problems created by this complex planning process, together with a series of natural calamities, caused production to decline sharply after 1958, leading the nation into one of the most severe famines in modern history. The crisis forced the government to reconsider its previous policies. Remedial mea_sut-es were implemented after 1962. Policy makers reduced the size of agricultural production units to production teams (groups of ten to twenty families). decentralized many production decisions, increased the procurement price of grain, and decreased compulsory grain deliveries. The combined effect of these changes and several years of good weather led to a quick recovery of grain production in the early 1960s.
In its "agricultural-first" campaign that followed, the leadership revealed the strategy that would drive the sector for the next several decades: intensify production by increasing the use of chemical fertilizer, high-yielding varieties, and water control. After recovering to its previously high level in 1965, grain production rose monotonically and by 1978 reached 304.7 million metric tons (MMT), an increase of 110.2 MMT. The 3.5'k annual yield growth rates accounted for almost all of this output growth_ Dissemination of new high-yielding varieties in the 1960s and the expansion of irrigation area in the early 1970s account for most of yield growth in the period (Tang and Stone). China's rural reform program (1978-84) generated an even more dramatic performance. Grain production increased by a total of 102.5 MMT during this seven-year period, growing at a rate of 4.7% per year. Grain yields grew at a rate of 5.9% per year. While institutional changes were important, further development of new technologies, especially that of hybrid rice, also stimulated yield growth (Fan) . Sharp increases in the quantity and quality of chemical fertilizer use after 1976, and the subsequent institutional reforms, were key determinants of this high growth (Ye) .
After peaking in 1984, the growth rates of grain production and yields declined in the years after 1984 for the first time since the early 1960s. The annual growth rate of grain yields dropped sharply to 1.60% during the period 1984-90, causing grain production to faU short of national planning targets in each year of the seventh five-year plan . Even though yields continued to trend up in the late 1980s, the record levels of production reached in 1990 were in part a result of increases in the area sown to grain (about 1.1 % between 1989 and 1990, above the average area iacrease of the last period; see table I). Yields tn 1991 again dropped relative to 1990, despite the priority given to crop production in the eighth fiveyear plan (Liu) 
Environmental Stress in Rural China
Because changes in fertilizer use, irrigated area, and modem technologies are not associated with the slower growth of grain yields in the late 1980s, other factors must have caused the growth rates to fall. It may be that the intensification of China's agricultural practices and other rural activities have caused an increase in environmental stress that is creating a drag yield growth.
[ Although the growth rate of fertilizer has fallen somewhat in the late 1980s compared to the early reform period. the quality of fertilizer is substantially better in the latter period (Stone) . Urea is being substituted for ammonium bicarbonate. The use of ammonia water has almost disappeared. The fertilizer plants producing lowquality products are closed. The nitrogen-phosphorous balance is also improving over time.
Soil Erosion
Amer. J. Agr. £con.
After falling in the late 1970s, China has expe-135 rienced a dramatic increase in total eroded area in the 1980s in many regions of China (panel A, 130 figure I). Deforestation in the 19805, induced by population pressures and increased demand 125 for wood, has contributed to severe soil erosion problems in the mountainous southwest (es pe-120 cially in provinces such as Yunnan) and hilly central regions of China (MOA). Eroded land in Yunnan, Guizhou, Jiangxi, and Hubei Prov-115 L-.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ --' inces ranged between 140% and 190% of culti-1970 1975 1980 1985 1990 vated area. Degradation of China's grasslands on the Loess Plateau and in Inner Mongolia is a major cause of erosion in one of China's most fragile environments where nearly all of the provinces have erosion rates which exceeded cultivated land by 200% (Tang; Liu. Findlay, and Watson) . An estimated one centimeter of topso il is lost from the entire Loes s Plateau each year; the rate has increased considerably over the past several decades (Luk) . The impact of soil erosion on cropland productivity of agriculture internationally is well documented (Pingali and Rosegrant). Masicat , 7.S 7.4 7.2 7.0 1975 1980 1990 de Vera, and Pingali conclude that the main im- 
launched a drive to renovate China 's vast irrigation sys tem (ZGNYNJ). The input of labor and other factors into irrigation maintenance was higher in 1989 and 1990 than any of the previous ten years. The use of corvee labor was in part reinstituted widely across China in the early 1990s in order to remove the accumulations of silt in major canals and reservoirs (Liu) .
increasing Natural Disasters
Another clue that environmental stress is on the ri se is the increase in the area classified as "easily flooded and drought damaged ." In China's statistical system, an area is classified 1970 1975 1980 1985 1980 Figure 1. Environmental degradation trends in China, 1970-90 as easily flooded or drought damaged if it cannot withstand a three-year flood or drought with no loss of yield. In other words, this measures increases when a region, which previously had withstood a three-year disaster, suffers yield reductions when facing relatively mild flooding or dry conditions. Three elements can lead to an increase in easily flooded and drought damaged area: a change in irrigated area. reduced efficiency of the water conservancy systems (due to some problem such as erosion), and the increased impact of a "threeyear" event due to a deterioration of the surrounding environment. In the subsequent multivariate analysis, the first two elements are already accounted for by other variables; hence. the discussion of this variable is ~ouched in terms of local environmental change. Nationally, crop land susceptible to flood and drought increased to nearly 40 million hectares in the period 1985-90 from less than 30 million hectares in the early 1980s (panel B, figure I ). Agricultural officials in China have also observed the increase in the frequency and sever-_-_ ity of disasters (MOA). Flooding has been linked to deforestation trends and inappropriate agricultural expansion (Tang and Zhang) . Drought tolerance in some areas is thought to be tied to changes made to the landscape (He) . Erosion creates a higher probability that an area will experience a drought through the breakdown of irrigation systems. the loss of "A" horizon organic materials. and reduced water storage capacity (Luk) .
Salinization of the Land
Salinization is typically associated with poorly constructed irrigation systems (Board on Science and Technology). The problem can come from either side of the hydrological balance sheet, because of limitations on the availability of water to flush salts from the land or due to an inadequate drainage system. Internationally, salinity is a widespread and growing problem, as nearly one-quarter of irrigated land suffers some degree of salt damage (Pingali and Rosegrant) . China, along with India, the United States, Pakistan, and Russia, suffers from the greatest degree of salinity, and the amount of land area affected by salinization has increased in the last sixteen years (panel C, figure I ). The proportion of total sown area with a salinity problem in China has increased in recent years by 4%, from 7.3 million hectares in the early 1980s to more than 7.6 million hectares in the
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late 1980s. Most of China's serious salinization problems occur in the North China Plain and far west regions, where large-scale irrigation has expanded rapidly in the past several decades; but recently it has begun to face serious water shortages. Interviews with officials in Henan and Hebei Provinces, two of the provinces with the highest percentages of salinized land, revealed that the large jump in salinized area experienced in the mid 1980s is attributable to reduced efficiencies of irrigation systems. In many areas, control over surface water (a way to reduce the seriousness of salinization) fell during the early years of the reforms due to the waning intluence of collective leaders (MOA).
Deterioration of Soil Quality
China has been able to produce an adequate food supply on a limited land endowment relative to the size of the nation's population. This success can be attributed primarily to various measures taken to increase cropping intensity (panel D, figure I ). The yields on much of China's farm land are among the highest in the world, and the utilization of its scarce land resources are well documented (Perkins and Yusuf) . When the intensity of land use becomes too high, however, there can be a point when productivity begins to fall (Xu et al.) . For example, intense use of land may cause periodic delays in the planting of some crops (in the second or third cropping seasons of the year) which can seriously affect yields. More significantly, such intensity may lead to a deterioration of the soil's productivity due to deficiencies in micronutrients, changing balances of nutrients, alterations of the structure of the soil. and decreased resistance to pests (Casman and Pingali) . As China's land is being subjected to more intensive farming practices, many agricultural officials fear that farmers are engaging in fewer of the practices that traditionally have protected land quality. Researchers in the subtropical zones of China have already documented the negative impact of the overintense use of land in a series of microlevel studies (Stoop) . In China's densely populated Yangtze Valley and other more developed areas, farmers apply high levels of organic manures only in response to strict rules set by regional officials and enforced by local collective leaders (Rozelle) . In recent years, however, chemical fertilizer has been substituted systematically for organic manure, as opportunities for off-farm labor increase (Ye) . The area planted to green manure crops declined from 9.92 million hectares in 1975 to 7.54 million hectares in 1980, and dropped to 4.20 million hectares in 1990 (ZGTJNJ).
Model of Grain Yields and Environmental Degradation
A fixed-effect model for twenty-three provinces. based on time-series. cross-section data from 1975-90. is used to estimate a grain yield function in China.
2 The grain yield function. in general form, can be specified as where i and t represent the ith province in year t; X is a set of inputs that includes fertilizer use and labor input; T is a set of technology shifters. such as irrigation and modern varieties; Z is a dummy variable representing the impact of institutional change in 1980 to 1984; E is a series of province-specific variables measuring environmental stress, including soil erosion area. salinized area. the intensity of land use. and the frequency of natural disasters; and D is a set of twenty-three provincial dummy variables. The effect of weather is ignored.
Grain yields used in the analysis come from data collected and published by China's State Statistical Bureau (ZGTJNJ). The definition of grain is the standard one used by the statistical system. and includes rice. wheat. maize. soybeans. barley, sorghum. millet, potatoes and sweet potatoes l valued at five to one), and other miscellaneous coarse grains. Because data are not available in China for the proportion of fertilizer, labor. and irrigated area used in grain production, total fertilizer use (chemical fertilizer measured in the nutrient form), total net irrigated area (for all crops), and total agricul-! Data quality. availability, and a desire to measure the physical impact of envlTonmefl(al factors on grain yields dictate Ihat we ap· proach chis problem from the primal side. The production function approach used here. however. is not inconsistent with the hypoth· esis that part of [he slowdown in agricultural productivity in the late 1980s may have been due to declining relative prices of agricultural products ($icular), When agricuJruraJ prices fall. producers reduce thetr use of inputs, These types of price relations are embodied in the input variables.
Six provinces are excluded from the study due to data limita~ tions (Tibet. Qinghal, and lnner Mongolia} and the atypical structures of their rural economies (Beijing, Tianjin and Shanghai).
) Total input use as a proxy for mputs in a grain yield function tends to understate the imponance of the inputs in explaining grain yields because some inputs move from grain to other crops. While grain area as a proportion of total sown area has fallen in the 19805. the magnitude has not been great (from 78% in 1980 to 74% in 1990), tural labor are used.) Using this set of proxies should not affect the results since the proportion of fertilizer used on grain and that proportion to cash crops has remained fairly constant over time. The correlation between the fertilizer used on the four largest grain crops and aggregate fertilizer consumption is 0.95. 4 In the yield equation, fertilizer and agricultural labor use are divided by total cropped area; net irrigated area is divided by cultivated land area. The agricultural labor variable is nearly equivalent to the total labor force in the rural areas. A time-trend variable is used as a proxy for technology development. After 1980, yield and traditional input data are from the State Statistical Bureau (ZGTJNJ, ZGNYNJ). Data for the late 1970s were either provided to the authors by the statistical section of the Ministry of Agricultural or collected directly by the authors from the tWOQ!y-three provincial statistical bureaus. ' To measure the effect of environmental impacts, four variables are used. All variables are measured at the provincial level for each year. Soil erosion area and salinized area (both normalized by cultivated area and put in logarithmic form) are included in the yield equation to measure their impact on grain yields. An "easily flooded and drought damaged" area variable (normalized by sown area) is used to pick up the impact of changes in the local environment. The MCI (multiple cropping index) is also included to measure the impact of the intensity of cultivation.
Because the primary influence of soil erosion on grain yields may be through its effect on the irrigation system. an interaction term between the irrigation and soil erosion is introduced. The big jump in total erosion area between 1984 and 1985 (panel A, figure I ) may raise the question of whether or not there was a fundamental change in the degree of erosion activity in China's rural economy between the early and late 1980s. [t could also mean that there was a change in the definition of the variable (or a change in the way the information was collected). To examine this question. the data for ~ The 0.95 correlation figure~ measuring the relationship between fertilizer use on all crops and that used on the four largest grain crops (rice. wheat. corn, and soybeans-accounting for an average of 80% of total grain area from 1975-90) are measured by the R-squared from a regression of fertilizer use on China's four major grain crops (measured on a per hectare basis) on total fertdizeT use per hectare, The data for the independent variable in the regression, available for seventeen provinces for 1975-88, come from the State Price Bureau's cost of production data. Data for the total fertilizer use per hectare are the sante as those used in the paper. Note: *, **. and *** are the levels of statistical significance at 10%, 5%, and 1 % .
• Provincial dummies are not reported. each province were inspected and it was discovered that nearly all of the rise in erosion area after 1984 was accounted for by seven provinces (Fujian, Gansu, Hubei, Hunnan, Jiangxi, Ningxia, and Yunnan) . Two alternative models are needed to test the hypothesis that the impact of erosion on grain yields in the seven provinces differed before and after 1984. In the first model a group dummy variable, D7, is created where D7 = I if year> 1984 for the above seven provinces, and D7 = 0 otherwise. This variable is then multiplied by the erosion variable. In the second test, separate slope dummy variables are included for each of the seven provinces. If the t-ratios of the group or individual dummy variables have coefficients which significantly differ from zero, then there is evidence of structural change.
Soil erosion, salinity, and the natural disaster figures are taken from statistical compendia produced by the Ministry of Water Resources and Electric Power (MWREP). The MCI, which is constructed by dividing sown area by cultivated area, comes from the MWREP data set (the cultivated area part of the variable) and ZGTJNJ (the sown area component). The appendix provides a more detailed description of these four environmental variables.
Grain Yield Equation
Following Fan and Lin, Chinese grain yields are assumed to be Cobb-Douglas in the inputs. Three alternative specifications are estimated (table 3). In the first equation, the insignificant coefficient of the erosion slope dummy variable for the seven provinces (D7 * lrri * Era/ Culrland) provides evi dence that there . ~no struct ural change occurring due !9-the erosion variable. Likewise, in . . ~~q_uatton 12) , except for Yunnan Proyince , the coefficients of the dummy variables are all insig nificant. Moreover. the joint test that the combined effect of the seven slope dummy variables improves the fit of the model is also rejected at a significance le vel of 5 %. Hence . there are no erosion slope dummy variables included in the model which is used in the discussion throughout the remainder of this paper [table 3, equation (3)].
About 93 . . 5% of the interprovincial and time .. se ries variation in grain yield is explained by the independent variables in equation (3). Moreover, almost all estimated parameters have the expected signs and are statistically significant at the 5% level. The parameters are robust to changes in specification and functional form. In assessing the performance of the production inputs. the coeffic ients on the variables representi ng fertilizer, irrigation , and technological innovation (using time trend as a proxy) have the expected signs in all three models. The co .. efficients of these variables are also stati stically significant at the I % level. except for the irri . The positive effect of productive inputs on yield. however. see ms to be offset by environ .. mental factors. The coefficient of the irri gation soil erosion variable is negative with a moder .. ately high t-ratio . The magnitude of the effect of salinity on grain yield is somewhat greater and more significant than that of erosion. This is somewhat surprising s ince in cases of salinity there will be no grain production after the level of soil salinity ri ses past some critical point. Hence . . the coefficient may be understating the seriousness of salinization. since when salinization becomes serious enough to ca use the land to be removed from production . . that land is not counted in the cultivated area base and average yie lds rebound somewhat. On the other hand. the erosion coefficient may be low. since regional leaders have used corrective measures to lessen the impact on yields. The massive labor mobilization campaign used during the commune period and revitalized in the late reform period was in part targeted at removing silt and other material from irrigation canals and reservoirs.
As expected. increases in the level of "easily flooded and drought damaged" area also adversely affects yield. This variable is negative and highly significant in all three specifications. Since the impact of irrigation and erosion has already been accounted for by the inclusion of other variables in the model. the net regression coefficient of this variable may be picking up the negative effect of the deteriorating local environment which is less able to absorb the shock of even relatively minor "three-year" weather shocks. The coefficients of the,MCI index is negative as expected. but it has a 10'l'<,Hatio.
Sources of Growth in Grain Yield
A decomposition analysis, based on table 3. equation (3), was conducted to separate the impact of various inputs, technology changes, and environmental stresses on grain yield for different periods. Grain yield increased by a total of 1.297.5 kilograms per hectare between 1975 and 1990 (table 4, last row J. On the positive side. increases in chemical fertilizer use and improvement in technology (plus other factors picked up from the time-trend variable) contributed to grain yield growth by 1.680 kg per hectare (the sum of rows I to 4). Environmental stress problems, however, caused grain yields to decline by 56.2 kg/ha, of which over half is accounted for by salinity effects (-28.3 kg/hal. Grain yields would have risen an additional 5% during 1976-89 if the rural sector had not experienced the adverse impact of increased soil erosion, salinity, natural disasters. and the deterioration of soil.
A separate decomposition analysis was conducted to identify the differences between two subperiods. ' Between 1977 and 1983. 94 .29< of the total yield change of 967.5 kilograms per hectare was due to the contribution of productive inputs, technology. institutional changes, and residual factors (table 5). Improvements in the environment (in particular. from relatively low levels of minor flood and drought-related < To test for the sensltivitv of the re'mlt<; to the <;election of the time period, the decompositi~n exercise for the late 1980s was repeated for two different time periods. \984-90 and 1985-90 . In both cases, [he point esrimates of wral Joss from environmemal factors are large and fairly consistent with those reported in table 5.
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disasters and a decline in the MCl) accounted for 7.0% (6.8% + 0.2%) of the growth in grain yields. Only erosion and salinity, which both increased during the first period, had a negative effect on the yield growth (and then only minimally. -1.2%).
The results for the 1983-89 period are consistent with the hypothesis that the slowing of grain yield growth later in the late 1980s is due in part to increases in environmental stress. The contribution of "'all other factors" to grain yield growth in this period is 159.6%. whereas that of environmental factors is -59.6%, indicating that actual increases in grain yields would have been nearly 60% higher in the absence of a deteriorating natural environment. In contrast to the first period. all four of the environmental variables combined to keep yields from growing faster. Among the variables, the inability of localities to withstand three-year floods or droughts accounts for 75% of the decline (45% of the total of 59.9%). Salinity and soil erosion are also important. The 95% confidence interval around this point estimate shows that grain yield losses due to environmental degradation ranges between 107.2 and 288.2 kilograms.
Conclusions
Despite a popUlation exceeding 1.1 billion in 1992. China has been able to supply enough food for its population from a limited land endowment. This accomplishment has been achieved primarily by increasing the level of modern inputs and the intensity of the farming systems. Officials predict that even greater increases in production are needed in the future to meet the growing grain demand of China's continually growing and increasingly wealthy population. But continued growth based on recent production strategies may be difficult. If the results of this study's decomposition analysis are accurate. the negative impact on yields due to environmental stress has become an issue deserving close attention by policy makers.
That impact may be reaching a magnitude where it will be worth taking major steps to intervene. The analysis shows that grain yields could have increased by nearly 200 kilograms per hectare more between 1983 and 1989 if the environmental stress had not changed during the period. Environmental degradation may have cost China as much as six million metric tons per year during the late 1980s. This figure is equivalent to approximately 30% of China's yearly grain imports in the early 1990s -196.7 ......... 
~-----
(ZGTJNJ). The value of this loss, roughly 700 million U.S. dollars (in 1990 prices), is about equal to China's entire annual budget for agricultural infrastructure investment (nongye jijian touzi). And perhaps more importantly, the magnitude of this problem must be seen in its dynamic context. If the current period is the beginning of a long-run trend, an even more radical policy response may be required. Modern inputs and new technologies necessarily cannot be forsaken. China will continue to depend on future technological breakthroughs to meet the nation's food demand. But an intensive research effort is needed to understand how practices can be modified to minimize the deleterious environmental effects. Investments also may be required in key areas of the rural sector to protect the resource base. Since inv~stment capital is scarce in many regions , and particularly in the agricultural sector, leaders may consider expanding the use of labor mobilization schemes . While these campaigns are not costless, they may have a positive effect on yields . The recent effort appears to have been successful for minimizing damage from erosion to the water-control system. They could also be used for other environment-improving projects, such as upgrading irrigation systems to minimize salinization, reforestation, and terracing. Given the large impact associated with the deterioration of the local environment. it may be that priorities should be given to projects that help control local flooding and increase drought tolerance. [Received July 1993; final revision received June 1995. J 
